We develop a method of non-perturbative optical control over adiabatic remagnetisation of the nuclear spin system and apply it to verify the spin temperature concept in GaAs microcavities. The nuclear spin system is shown to exactly follow the predictions of the spin-temperature theory, despite the quadrupole interaction that was earlier reported to disrupt nuclear spin thermalisation. These findings open a way to deep cooling of nuclear spins in semiconductor structures, with a prospect of realisation of nuclear spin-ordered states for high fidelity spin-photon interfaces.
We develop a method of non-perturbative optical control over adiabatic remagnetisation of the nuclear spin system and apply it to verify the spin temperature concept in GaAs microcavities. The nuclear spin system is shown to exactly follow the predictions of the spin-temperature theory, despite the quadrupole interaction that was earlier reported to disrupt nuclear spin thermalisation. These findings open a way to deep cooling of nuclear spins in semiconductor structures, with a prospect of realisation of nuclear spin-ordered states for high fidelity spin-photon interfaces.
The concept of nuclear spin temperature is one of the cornerstones of the nuclear magnetism in solids 1,2 . It has made possible realisation of the cryogenic cooling into the microKelvin range 3 and observation of nuclear spin ordering in metals and insulators 4, 5 . Such degree of control of the nuclear spin system (NSS) in semiconductor heterostructures would allow enhancing the efficiency of spin-based information storage and processing [6] [7] [8] [9] . However, proving the validity of the spin temperature concept for semiconductor nano-and microstructures is challenging due to the lack of techniques capable of precise sensing of weak nuclear magnetisation in a small volume. In addition, recent experiments showed that in quantum dots, where strong quadrupole-induced local fields have been reported, nuclear spin temperature failed to establish 10 . In this context, NSS thermalisation sensing in semiconductor heterostructures is one the central issues for both fundamental questions related to the realisation of nuclear spin-ordered states, and for potential applications, such as high fidelity spin-photon interfaces [6] [7] [8] [9] . The basic postulates of the spin temperature theory are illustrated in Fig. 1(a) . It is assumed that during the characteristic time T 2 determined by spin-spin interactions the NSS reaches the internal equilibrium. This means that properties of the NSS are governed by a single parameter, the spin temperature Θ N . When this temperature is made different from the lattice temperature Θ L (e.g. by the optical pumping), the thermalisation of the NSS with the crystal lattice usually requires a much longer characteristic time T 1 . Fig.1(b) illustrates one of the main predictions of the spin temperature theory: if the NSS is subjected to a slowly varying magnetic field, such that dB/dt < B L /T 2 , then Θ N and the nuclear spin polarisation P N change obeying universal expressions:
(1) Here γ N is the gyromagnetic ratio of the nuclear spin I, angular brackets denote the averaging over all nuclear species, k B is the Boltzman constant, and Θ N i is the spin temperature at strong magnetic field B i >> B L , where B L is the local field induced by the fluctuating nuclear spins. These generic relations are based on the principle of entropy conservation in a thermodynamic system during adiabatic process. They constitute the basis for the nuclear spin cooling by adiabatic demagnetisation, a widely used cryogenic technique 4, [11] [12] [13] . The nuclear spin temperature may take either positive or negative values, in the latter case the magnetisation being anti-parallel to the applied field.
Various optical and magnetic techniques have been employed to measure nuclear spin temperature, mostly by the magnetisation measurement at a fixed value of the external magnetic field 4, 11, [14] [15] [16] . On the other hand, a direct measurement of the nuclear magnetisation as a function of slowly varying magnetic field is extremely challenging and has never been realised to the best of our knowledge. Such an experiment is required to check rigorously the validity of the concept of spin temperature as applied to a specific system.
In this Letter we report on realisation of such a proofof-concept experiment in microcavities, semiconductor microstructures with enhanced light-matter coupling 17 . The principle of our experiment is sketched in Fig. 1(c) . Prior to the measurement, the NSS of the n-GaAs layer embedded in a microcavity is polarised by optical pumping in the presence of the longitudinal magnetic field. Nuclear spin polarisation is probed by linearly polarized cavity mode photons with the photon energy in the transparency band of GaAs. Polarisation of the light beam transmitted through the cavity is sensitive to the Overhauser field, an effective magnetic field created by NSS and acting on electron spins 18 . Two methods of detection of nuclear spin polarisation are used: (i) the Faraday effect induced by the Overhauser field 19, 20 and (ii) the spin noise spectroscopy of resident electrons subject to the Overhauser field [21] [22] [23] . NSS in the cavity probed using two optical technics, that allow us to trace the evolution of the initially prepared nuclear spin polarization PN and temperature ΘN along the demagnetisation process. Spin noise spectrum is obtained as Fourier transformation of the stochastic Faraday rotation. The spectral peak frequency is directly related to the Overhauser field acting on electrons in the presence of the in-plane magnetic field. ment where the Faraday rotation angle is measured while ramping the longitudinal magnetic field across zero (Fig.  2) . The experiment is conducted in two steps: preparation and measurement ( Fig. 2 (a) ). The measured signal ( Fig. 2(b) ) contains two contributions: Faraday rotation directly induced by the external field (shown by solid lines, it remains unchanged for all the scans), and the Faraday rotation induced by the Overhauser field φ N ( shown separately in Fig. 2 (e) for the first scan), which is proportional to the nuclear spin polarisation. In each consecutive scan, φ N diminishes due to the nuclear spinlattice relaxation, but the behaviour of nuclear polarisation is described by Eqs. (1): the polarisation is an odd function of the applied field, there is no remanent magnetisation at B = 0, and B L = 8 ± 2 G. We have performed this analysis for two samples with different concentrations of Si donors n d : an insulating sample with n d = 2·10
15 cm −3 (Sample A) and a sample characterised by a metallic conductivity (n d = 2 · 10 16 cm −3 , Sample B), for NSS prepared either at positive, or at negative spin temperature. The value of B L obtained for both samples is the same within our experimental accuracy.
We complemented these results by spin-noise measurements of nuclear remagnetisation under magnetic field perpendicular to the light and the structure axis (Fig.  3 ). Color maps in Figs. 3b,c show the evolution of the electron spin noise spectra under varying magnetic fields. The narrow peak in the spectra appears at the frequency ν of the electron Larmor precession in the total effective magnetic field acting upon the electron spins. This field is given by the sum of the external and the Overhauser field, which allows us to extract the nuclear spin polar- isation. The asymmetry of the recorded sets of spectra with respect to zero magnetic field is due to nuclear spinlattice relaxation. We have taken it into account when fitting equation (1) to the data (black dashed lines in Fig. 3(b-e) ). For both samples and both signs of the nuclear spin temperature, the value of the local field was found to be B L = 12 ± 2 G. Thus, the NSS does obey the prediction of the thermodynamic theory expressed by Eq. (1), but value of the local field is surprisingly large, B L ≈ 10 G. Indeed, the spin-spin interactions in GaAs are dominated by magnetic dipole-dipole coupling, which yields a much weaker local field B dd = 1.5 G 24 . To elucidate the origin of this striking discrepancy, we performed spin noise measurements with the bulk GaAs layer without a microcavity, Sample C (Fig. 3(fg) ). Although the signal is much weaker, the best fit using Eqs. (1) and taking into account spin-lattice relaxation during the measurement yields B L = 2 G and Θ N 0 = ±4 µK 25 . This comparison shows unambiguously the enhanced value of local field in the microcavities, compared to that in the bulk GaAs. Within the thermodynamic description of the NSS, the local field which enters Eqs. (1) is defined as 1 :
where H S is the Hamiltonian of all nuclear spin interactions, excluding Zeeman part (typically it includes the magnetic dipole-dipole interactions, and the indirect exchange), and M B is the parallel to the magnetic field component of the nuclear magnetic moment. In n-GaAs, magnetic dipole-dipole interaction is well-studied, and B L = 2 G measured in bulk GaAs agrees well with the previous estimations for B dd 24 . The only plausible explanation for the unexpectedly strong local field detected in microcavities is the quadrupole splitting hν Q of the nuclear spin states induced by an uniaxial strain. In Eq.(2) it can be accounted for by introducing H S = H dd + H Q , where H Q is the Hamiltonian of the quadrupole interaction
Here the index i stands for the summation over the three isotopes ( 69 Ga, 71 Ga, 75 As), andÎ z is the projection on the nuclear spin operator on the growth (strain) axis. Using equation (2) Because B L >> B dd , it is the quadrupole interaction that determines the capacity of the NSS to store the energy in the internal degrees of freedom. But in contrast with dipole-dipole interaction, the quadrupole interaction does not provide any coupling between the spins, and can not establish the thermodynamic equilibrium within the NSS. Indeed, in quantum dots, where strong quadrupole-induced local fields have been reported, nuclear spin temperature failed to establish 10 . From our data we can estimate the lower limit of 50 G for the mixing field B m , at which Zeeman and internal energy reservoirs come to equilibrium between each other, so that the NSS can be described by the unique spin temperature 4 (see Supplemental material).
The question remains, how can the thermodynamic equilibrium be established under magnetic field B m > 50 G, much larger than the characteristic field of the dipole-dipole interaction B dd = 1.5 G? We suggest that this is made possible by the multi-isotope nature of the NSS in GaAs. The difference in the quadrupole splittings and gyromagnetic ratios between the three isotopes yields a rich variety of possible inter-isotope flip-flop transitions. These transitions frequencies ν N are illustrated in Fig. 4 as functions of the magnetic field in the absence (Fig. 4a) and in the presence of the quadrupole splitting of the nuclear spin states along z-axis (Fig. 4 (c, e) ). The spin flipflop transitions involving different isotopes ensure the energy transfer between the Zeeman and quadrupole energy reservoirs, with total energy conservation of the NSS. These transitions are broadened by dipole-dipole interactions. It is usually assumed 4 that the efficient equilibration of energy reservoirs is ensured at detuning from the resonance less than δν N = 5B dd /(2π γ N = 8 kHz.
One can see in Fig. 3d,f , that for both orientations of the magnetic field, the transitions involving such a small detuning are available at B < 50 G, and the mixing remains as efficient as in the absence of the quadrupole splitting ( Fig. 3(b) ).
Our results show that the strain-induced nuclear quadruple splittings in semiconductor microcavity do not hinder the establishment of the thermodynamic equilibrium within the nuclear spin system. The quadrupole effects result in the increase of the local field, indicating that the heat capacity of the NSS is dominated by the quadrupole energy reservoir. The energy transfer between the Zeeman and quadrupole reservoirs during adiabatic demagnetisation is made possible by dipoledipole interaction via spin flip-flop transitions involving different isotopes. Thus, deep cooling of the NSS down to microKelvin temperature range via adiabatic demagnetisation is possible in photonic microstructures. This paves the way towards realisation of nuclear magnetically ordered states and their applications, including spin-photon interfaces with reduced thermal noise. 
Supplemental Material

I. SAMPLES
The studied microcavity structures consist of Si-doped GaAs 3λ/2-cavity with electron concentrations n e = 2 × 10 15 cm −3 (Sample A) and n e = 4 × 10 16 cm −3 (Sample B). The front (back) mirrors are distributed Bragg reflectors composed of 25 (30) pairs of AlAs/Al 0.1 Ga 0.9 As layers, grown on a 400 µm thick GaAs substrate. Due to multiple round trips in the cavity, the Faraday rotation (FR) is amplified by a factor of N ∼ 1000, corresponding to the interaction length L = 0.7 mm (quality factor Q ∼ 20000 was measured by interferometric techniques) Sample C is the bulk 20 µm-thick GaAs layer grown by liquid-phase epitaxy, with Si donor concentration of n d = 4 × 10 15 cm 3 . All these samples have been studied previously 20, 21, 28, 29 .
II. EXPERIMENTAL TECHNIQUES
Both the spin-noise (SN) and FR techniques have been used previously for studies of the NSS 20, 21, 29 and are described in in detail in Ref. 29 . They have an advantage of being virtually non-perturbative for the NSS, because pumping and measurement stages are separated in time, and cooled NSS is optically probed via the polarisation rotation of the light beam with photon energy tuned below (here 20 meV) the band gap of the studied GaAs layer. In a typical measurement, the sample is placed in a cold finger cryostat at T = 5 K, B z = 180 G. At the first stage, it is optically pumped during 3-15 minutes by the circularly polarised laser diode with photon energy 1.57 eV and power P = 10 mW, focused on 1 mm spot on the sample surface. In the case of SN experiments, the transverse field B ⊥ is also applied during pumping. After the pumping stage, we wait for t w = 1 minute before lowering down B z (Fig.  2(a), 3(a) ), to be sure that nuclear spins situated under the orbits of the donors and characterised by the relatively short T 1 do not contribute to the signal 20, 21, 23 . At the last preparation step, B z is lowering down to the value from which the measurement stage starts (B z = B i z = 50 G for FR and B z = 0 for SN). FR and SN experiments mainly differ by the measurement stage. In FR experiment, the rotation of the linearly polarised probe beam is detected in the presence of the slowly varying longitudinal magnetic field B z . In the SN experiment, the spin noise of the resident electrons is measured in the presence of the slowly varying transverse magnetic field B ⊥ via the fluctuation spectrum of the Faraday rotation angle. The probe beam has the photon energy 20 meV below GaAs band gap, power of 0.5 mW, and is focused on 30 µm spot on the sample surface.
II.1. Faraday rotation
To extract nuclear spin temperature and the local field from the Faraday rotation angle measured as a function of the slowly varying magnetic field B z (the duration of each scan is ∼ 10 s so that dB/dt = 10 G/s), we proceed as follows. First, we subtract the external field contribution from the total signal. This contribution to the signal remains unchanged for all consecutive scans and depends linearly on the magnetic field. The remaining part of the FR is induced by the Overhauser field B N , which is proportional to the nuclear spin polarisation P N .
where b N = 5.3 T is the Overhauser field produced by the fully polarised nuclear spins 18 , V N is the nuclear Verdet constant, L is the effective optical length of the sample accounting for by multiple round trips of light in the cavity 20 . Therefore, from Eqs. (1) we get:
where φ N i is the Faraday rotation angle at the saturation field B i z . Fitting φ N to equation (S2) we determine B L = 8 ± 2 G. Using the values of V N = 0.1 mrad/G/cm and L = 0.7 mm determined in our previous work 20 we also extract Θ N 0 = −6 µK in sample B (Fig. 2 (e) in the main text) from Eqs. (S1), (S2) and (1). The values of B L and Θ N 0 extracted from FR measurement are averaged over the crystal volume, since the signal is given by the electron band spin splitting 20 .
II.2. Spin noise spectroscopy
The electron spin noise spectrum exhibits a pronounced peak at the electron Larmor frequency ν corresponding to the total (B ⊥ and B N ) field , so that:
where γ e = 0.64 MHz/G is the gyromagnetic ratio of the electrons in the conduction band of GaAs 21 . Thus, by measuring ν as a function of B ⊥ and fitting equations (1) and (S3) to the data we obtain the values of Θ N 0 and B L . Because each field scan takes 100 s (10 times longer than in the case of the Faraday rotation measurements), the spin-lattice relaxation of the NSS is not negligible on this time-scale. It manifests itself in the asymmetry of the recorded sets of spectra with respect to zero magnetic field. For the quantitative comparison with the theory predictions given by Eqs. (1) and (S3) we measured the magnetic field-dependent relaxation times in an independent set of experiments 29 . Note that in metallic samples the SN signal is mediated by the electron gas, and is therefore contributed by all the nuclei. In the insulating samples, only the nuclei situated under the donor orbits can be detected. However, the polarisation of the nuclear spins situated in the core of the donor orbit decays rapidly, and vanishes during t w . Thus the SN signal comes from the nuclei situated in the periphery of the donor orbits, so that the extracted Θ N 0 and B L are close to those of the bulk nuclei.
III. ESTIMATION OF THE MIXING FIELD
The mixing field B m , is the field at which Zeeman (for each of three isotopes) and internal energy reservoirs come to equilibrium between each other 4 . Only the Zeeman reservoirs can be cooled down via dynamic nuclear polarisation at strong field. By measuring nuclear polarisation, we get access to the average energy of the Zeeman reservoirs E Z = BP N hγ N . During adiabatic demagnetisation, energy transfer and the thermalisation between Zeeman and internal energy reservoirs is achieved at B = B m . At this field, a part of Zeeman energy is transferred to the internal energy reservoir, which results in the modification of the nuclear polarisation. The nonadiabaticity of this process would lead to a deviation from Eqs. (1), quantified by the nonadiabaticity factor f na = B m / B 2 + B 2 m 4 . Comparing the magnetisation measured at B = 50 G before and after the passage through zero field, we have not observed any difference within the experimental precision of 2%. This yields f na > 0.98, and therefore B m > 50 G.
